ABSTRACT In plants, the male and female gametophytes represent the haploid generation that alternates with the diploid sporophytic generation. Male and female gametophytes develop from haploid micro-and megaspores, respectively. In flowering plants (angiosperms), the spores themselves arise from the sporophyte through meiotic divisions of sporogenous cells in the reproductive organs of the flower. Male and female gametophytes contain two pairs of gametes that participate in double fertilization, a distinctive feature of angiosperms. In this paper, we describe the employment of a transposon-based gene trap system to identify mutations affecting the gametophytic phase of the plant life cycle. Mutants affecting female gametogenesis were identified in a two-step screen for (i) reduced fertility (seed abortion or undeveloped ovules) and (ii) segregation ratio distortion. Non-functional female gametophytes do not initiate seed development, leading to semi-sterility such that causal or linked alleles are transmitted at reduced frequency to the progeny (non-Mendelian segregation). From a population of 2,511 transposants, we identified 54 lines with reduced seed set (2%). Examination of their distorted segregation ratios and seed phenotypes led to the isolation of 12 gametophytic mutants, six of which are described herein. Chromosomal sequences flanking the transposon insertions were identified and physically mapped onto the genome sequence of Arabidopsis thaliana. Surprisingly, the insertion sites were often associated with chromosomal rearrangements, making it difficult to assign the mutant phenotypes to a specific gene. The mutants were classified according to the process affected at the time of arrest, i.e. showing mitotic, karyogamic, maternal or degenerative phenotypes.
Introduction
It is very difficult, often impossible, to identify and characterize genes involved in basic cellular processes in diploid higher eukaryotes as organisms with a homozygous mutation in an essential gene are lethal. The study of haploid plant gametophytes provides an excellent opportunity to examine such genes essential to cell division or other fundamental cellular processes. Heterozygous recessive mutations are not lethal to the diploid tissues of the sporophyte, such that their lethal phenotype can be characterized in 1/2 of the haploid gametophytes that are produced by a plant heterozygous for a gametophyte lethal mutation.
In seed plants the life cycle alternates between a dominant diploid phase (sporophyte) and a strongly reduced haploid phase (gametophyte). In angiosperms, the haploid female gametophyte (embryo sac) is generated by the functional megaspore, the only surviving meiotic product, through three mitotic divisions. The female gametophyte typically consists of only seven cells, two female gametes (egg and central cell) and five accessory cells. It is highly inaccessible because it develops inside the ovule, deeply embedded within the gyneocium of the flower (Grossniklaus and Schneitz, 1998; Drews et al., 1998, Yadegari and Drews, 2004) . The male gametophtye (pollen) is even more reduced and usually consists of only three cells, two of which are sperm cells. Seed development is initiated by double fertilization, where the pollen tube enters the embryo sac and releases the two sperm cells. One sperm cell fuses with the haploid egg cell to produce a diploid zygote, which initiates embryo development and constitutes the next sporophytic generation. The second sperm cell fuses with a homo-diploid central cell, initiating the development of the triploid endosperm that provides nourishment to the developing embryo (Olsen, 2004) . This complex developmental process is unlike any found in animals, where the meiotic products directly differentiate into the gametes. In contrast, the meiotic products of plants undergo several mitotic divisions to form a multicellular haploid organism with distinct cell types, including the two pairs of gametes. This collection of haploid cells provides a short window of opportunity to identify genes involved in cellular processes fundamental to their survival or playing a role in their specific developmental regulation. A viable diploid sporophyte heterozygous for a mutated essential gene will produce 50% viable (wildtype) haploid gametophytes and 50% abnormal (mutant) haploid gametophytes. This unique feature of plants allows genes essential to an organism's survival to be dissected, since mutants are characterized by the developmental stage at which they are arrested. Arabidopsis thaliana is the organism of choice to study such lethal mutations since it has a short life cycle, excellent tools for forward and reverse genetics, and produces a large number of gametophytes (reviewed in Page and Grossniklaus, 2002) .
Up to the mid 1990s few molecular or genetic studies had been made on female gametophyte development and only a single female gametophytic mutant had been described in Arabidopsis (Redei, 1965) . This lack of knowledge led Jack Heslop-Harrison to suggest that the gametophyte was "the forgotten generation" (Heslop-Harrison, 1979) . Over the last two decades emerging new genetic and bioinformatics tools have allowed exploiting a functional genomics approach to dissect female gametophyte development and to identify the specific genes involved. Significant progress has been made using insertion mutagenesis to provide tools for forward and reverse genetic studies. For instance, valuable mutant populations of Arabidopsis have been generated, using systems designed to create low copy number transposon insertions at random positions in the genome. Such systems provide a physical tag that pinpoints the location of a mutation, which can be used for mapping and as a starting point from which to sequence an insertion site (e.g. Sundaresan et al., 1995 Moore et al., 1997 , Parinov et al., 1999 , Zhang et al., 2003 , van Enckevort et al., 2005 . During the last few years new gametophytic mutants from large-scale insertional mutagenesis projects -using either transposons or T-DNA insertions -have been isolated and loci essential for male and female gametophyte development identified (Moore et al., 1997; Feldmann et al., 1997; Howden et al., 1998; Bonhomme et al., 1998; Christensen et al., 1998 Christensen et al., , 2002 Grini et al., 1999; Moore, 2002; Lalanne et al., 2004; Pagnussat et al., 2005; reviewed in Brukhin et al., 2005a) . Nevertheless, the identification of the developmental pathways and genes that orchestrate female gametophyte function and developmental progression are far from being accomplished.
We have exploited the Activator/Dissociation (Ac/Ds) gene trap transposon system developed by Sundaresan and colleagues (1995) to generate new insertions distributed throughout the genome of Arabidopsis. These insertion lines were screened to identify essential genes affecting gametophyte development or function, and their phenotypes were analyzed. Mutations affecting the gametophytic phase of the life cycle were identified in a two-step screen for (i) reduced fertility (seed abortion or undeveloped ovules) and (ii) a distorted segregation ratio of the dominant marker present on the Ds transposon (for details on this strategy, see Moore et al., 1997; Page and Grossniklaus, 2002) .
Here we provide a detailed description of six gametophytic mutants showing a stably distorted segregation ratio of the dominant marker present on the Ds element and reduced fertility or a semi-sterile phenotype. We provide the genetic and cytological characteristics of these mutants. Based on the cytology of terminally arrested embryo sacs, we classified them as mitotic, karyogamic, maternal, or degenerative phenotypes. For all mutants we describe the phenotype at the morphological and cytological level, genetic segregation, and transmission efficiencies through both male and female gametophytes. Despite a tight cosegregation of the Ds elements with the mutant phenotypes, only one of the mutants could be unambiguously assigned to a gene encoding a TATC-like protein, while two are likely associated with rearrangements, and the final three are apparently not tagged as assessed by the analysis of additional insertion alleles. This raises important questions as to the use of insertional mutagenesis in combination with segregation ratio distortion to identify gametophytic mutants.
Results and Discussion

Insertional mutagenesis creates mutations affecting plant reproduction
We generated 2511 gene trap (GT) lines, each with putatively a single, independent Ds insertion, and screened the progeny derived from self-fertilization of these lines for gametophytic mutants. From all GT lines generated we found 54 (2%) lines with a reduced seed set.
Deviation from a 3:1 Mendelian segregation ratio of kanamycin resistant (Kan r ) to sensitive (Kan s ) seedlings towards Kan r /Kan s ratios of less than 2:1 is a characteristic of mutations affecting one or both gametophytes (Feldmann et al., 1997; Moore et al., 1997; Howden et al., 1998) . We screened the entire GT population for a distorted segregation ratio of the Kan r gene present on the Ds element. 31% of the GT lines produced seedlings of which all or nearly all were resistant to kanamycin. This could be due either to the homozygosity of the Ds insertion or due to the insertion of more than one Ds element per line. 40% of the lines showed Kan r :Kan s segregation ratios of about 3:1, corresponding to a normal Mendelian segregation ratio. 19.5% of the lines gave reduced segregation ratios in the range 2:1 to 2.5:1, which are likely to result from a recessive, zygotic embryo lethal phenotype. 9.5% of the GT lines showed distorted segregation ratios between 2:1 and 0.14:1. The latter might be caused by a partial or full reduction of transmission of the Ds insertion through one or both sexes. In order to learn which of the semi-sterile GT lines showed ovule and/or seed abortion due to reduced transmission through male and/or female gametophytes, we re-examined 54 preselected lines with a reduced seed set for segregation ratio distortion. Finally, we identified 12 GT lines for further investigation, which combined a semi-sterile phenotype with a segregation distortion ratio that matched the prediction for a gametophytic mutation. These lines correspond to 0.48% of all lines screened. This frequency is within the range obtained in other screens aimed at identifying gametophytic mutations (Feldmann et al., 1997; Moore et al., 1997; Howden et al., 1998; Bonhome et al., 1998; Lalanne et al., 2004; Pagnussat et al., 2005) .
In this study, we report on the six of these mutants with phenotypes predominantly affecting female gametophyte development or function. We named these mutants after gods or goddesses from various Pantheons whose influence is exerted, according to legend, upon fertility and reproduction.
Gametophytic mutants generally affect transmission through both sexes
Self-crossed progeny of all six mutants showed stable segregation ratio distortion over at least three to four generations, suggesting that the mutations in the lines under study were associated with the Ds insertion. However, a distortion in the segregation ratio among the progeny from a self-cross does not provide insights into which sex is affected by the mutation. Although we specifically focused on mutants that showed reduced fertility -and thus expected them to have a defect in female gametophyte development or function -these mutants may also affect the male gametophyte to some extent. To quantify the transmission efficiency through either sex we measured the Ds inheritance in reciprocal crosses to the wild type. Southern blot analysis was carried out to investigate whether the genome of each GT line did contain only one Ds element, as Howden and colleagues (1998) . As shown in Table 1 , all insertions showed a reduced transmission through the female gametophyte (TEF, transmission efficiency female) as expected, ranging from 5% to 61% of the wild-type allele. However, except for one mutant (astlik), all others showed also a reduced transmission of the Ds through the male gametophyte (TEM, transmission efficiency male) ranging from 8% to 68% of the wild-type allele. The severity of reduced transmission through male and female gametophytes is correlated (correlation coefficient R=0.72), indicating that likely some basic cellular functions are affected in these mutants rather than sex-specific developmental processes. Furthermore, segregation analysis of self-crosses of all six mutants did not produce any homozygous plants. This indicates that, in addition to the gametophytic defects revealed in heterozygotes, homozygous mutants are likely zygotic lethal.
In summary, the gametophytic mutants analyzed here generally affect both male and female gametophytes, confirming earlier findings that sex-specific gametophytic mutants are rare (Moore et al., 1997; Feldmann et al., 1997; Howden et al., 1998; Bonhomme et al., 1998; Christensen et al., 1998 Christensen et al., , 2002 Grini et al., 1999; Moore, 2002; Lalanne et al., 2004; Boavida et al., 2009) . This is expected since many events during the process of male and female gametophyte formation are similar and the expression of many essential genes during the haploid phase will be required in both gametophytes.
The kupalo and astlik mutants are defective in mitotic progression Two mutants were categorized into the class showing mitotic phenotypes, which are defective in one or several of the three mitotic divisions (FG1 to FG5, according to Christensen et al., 1997) that form the mature embryo sac (Brukhin et al., 2005a) . The first mutant was named kupalo (kup), after the Slavic god of herbs, sorcery, sex, and midsummer. The segregation ratio of Kan r :Kan s seedlings derived from kup/KUP plants was 1.04:1 (Table 1 ). The transmission of Ds through the female gametophyte was only 40%, while male transmission was reduced to 68% (Table 1) . Analyses of the kup mutant phenotype showed that in mature siliques 42% of ovules were unfertilized (Table 1) , remaining white and small without developing into a seed ( Fig. 2A , arrows). Cytological observations under differential interference contrast (DIC) optics revealed that the majority of ovules (32%) arrested at stage FG5 (Fig. 2B ). At this stage, in wild-type ovules the syncytial, eight-nucleate embryo sac cellularizes to form the seven-celled female gametophyte with three antipodals, two synergids, an egg cell, and a bi-nucleate central cell (Fig. 2D) . 5% of the ovules were arrested at FG3-FG4, i.e. the mutant showed pleiotropic defects during the nuclear division phase between the two-and eight-nucleate stage. 2% of the embryo sacs were arrested at FG1 during the first mitotic division of the functional megaspore, and 3% of ovules reached FG6, which corresponds to the mature embryo sac (Fig. 1B ), but they did not progress beyond. Interestingly, some ovules in kup showed embryo sacs with defective ( Fig. 2B ) or missing ( Fig. 2C ) synergids and abnormalities in the polar nuclei (Fig. 2C) . Analysis of the mature pollen stained with DAPI indicated that about 12% of the pollen grains were abnormal in comparison to 5% in the wild type (Table  2) . Defective mature pollen grains had only two nuclei, consistent with a defect in mitotic progression. Defective pollen showed either one weakly stained, vegetative nucleus and one strongly stained, single sperm nucleus, or two weakly stained, elongated nuclei (not shown).
In the kup mutant, the DNA fragment flanking the Ds element corresponded to the second exon of the At2g01070 gene (Fig. 3) , which encodes a PTM1-like trans-membrane protein of unknown molecular function (Table 1 ). This protein is reported to co-purify with late Golgi vesicles, which contribute to cell wall and membrane formation and also deliver regulatory substances; consequently the disruption of such a gene may affect membrane properties and cellularization, a process blocked in kup mutant embryo sacs. Only one other insertion within the At2g01070 gene was available, but it showed no obvious fertility defects (not shown). Since we could not confirm the T-DNA insertion site in this second line, it is currently unclear whether the Ds disrupting At2g01070 is indeed responsible for the kup phenotype. The mutant astlik (ast) was named after the Armenian goddess of love and fertility. The Kan r :Kan s segregation ratio in the progeny of ast/AST plants was 1.66:1 (Table 1) , i.e. characteristically a combination of zygotic and gametophytic lethality. Female transmission efficiency was reduced to 61% (Table 1) , while male transmission was similar to that of wild-type plants. In mature siliques of the ast mutant 51% of ovules were unfertilized (Fig. 2E,  arrows) . Most of these (40% of the total) were arrested prior to the first mitotic division of the functional megaspore at FG1 (Fig. 2F) , while a small number arrested at FG2 (2%) or FG3 (9%) -a stage corresponding to the four-nuclear embryo sac (Fig. 2H, Fig. 1B ). Despite these abnormalities, the integuments continued to grow and the defective ovules in mature siliques often appeared as shown in Fig. 2G , where no embryo sac can be discerned within the ovule. Assessment of pollen grains in the ast/AST mutant showed that 10% of the mature pollen grains were abnormal with phenotypes similar to those found in kup (Table 2) .
In ast the 5'-end of the Ds was inserted in the sixth exon of the F-box protein gene At3g03030 and 3'-end was found in the fifth exon of At3g03060 encoding a protein similar to the AAA-type ATPase family of proteins (Bayer et al., 2006) , thereby probably deleting two other genes, At3g03040 and At3g03050 (Fig. 3) . It is therefore not clear which of the deleted gene(s) might be responsible for the phenotype. To possibly link the phenotype to one of the affected genes, we assessed several additional insertion mutants. Exonic T-DNA insertions in At3g03030 (SALK_094197) and At3g03040 (SALK_056065 and SALK_056153) showed no obvious phenotypes. Conversely, an exonic Ds insertion in At3g03050 showed a slight reduction in seed set with about 10% unfertilized ovules (Table 1S) . At3g03050 encodes a cellulose synthase-like protein, mutations in which cause root hairs to rupture at their tip soon after initiation (Bernal et al., 2008) . This gene is expressed in the embryo sac as shown by genetic subtraction profiling (Johnston et al., 2007) . However, two other exonic insertions in At3g03050 showed no fertility phenotype (not shown), making it unlikely that this gene is responsible for the ast phenotype. Disruption of the At3g03060 promoter region (SALK_1304_B10) was associated with 8% unfertilised ovules and 15% aborted seeds in mature siliques (Table 1S ). This gene encodes a protein of the AAA-type ATPase family (Bayer et al., 2006) . However, since a second exonic T-DNA insertion shows no obvious phenotype (not shown), At3g03060 is probably not responsible for gametophytic lethality in the ast mutant.
In addition to the small deletion on chromosome 3, we found a 3'-end of Ds on chromosome 1 in the sixth exon of At1g75990, encoding the 26S proteasome regulatory subunit RPN3b, which participates in ubiquitin-dependent protein catabolic processes (Vierstra, 2003; Smalle and Vierstra, 2004; Yang et al., 2004) essential to gametophyte development (Gallois et al., 2009 ) and the proper execution of mitosis in all eukaryotes (Den Elzen and Pines, 2001; Vierstra 2003; Smalle and Vierstra, 2004; Yang et al., 2004 , Brukhin et al., 2005b . Given that we could not amplify the 5' end of the Ds, that only a single Ds element was detected in this line (Fig. 1A) , and that the segregation ratio of Kan r is consistent with a single insertion (Table 1) , we conclude that only a short piece of the 3'-end of the Ds is present on chromosome 1. In contrast the Ds insertion on chromosome 3 appears to be associated with a deletion, as was reported for several other lines that were generated using this transposon system (Oh et al., 2003; Page et al., 2004 , Boavida et al., 2009 .
Given the complex rearrangements observed in ast, it is not yet possible to assign the defect to a particular gene. However, because the mutant shows a mitotic arrest, it may well be that the mutation in RPN3b plays a major part in the ast phenotype. Although individual insertions into At3g03030 and At3g03040, which both encode F-box proteins, have no obvious phenotypes, their simultaneous disruption may contribute to the mitotic class phenotype seen in ast mutants. F-box proteins are components of SCF ubiquitin-ligase complexes that function in binding substrates for ubiquitin-mediated proteolysis (Kipreos and Paqano, 2000) . Ubiquitin-mediated removal of regulatory proteins controlling the cell cycle is important for normal mitotic progression and their disruption may thus lead to mitotic arrest, possibly in conjunction with the disruption of RPN3b in the ast mutant.
The amon and apis mutants affect karyogamy
Mutants of the karyogamy class affect the fusion of polar nuclei. During normal development, these nuclei migrate from opposite poles of the embryo sac towards the centre, where they fuse prior to fertilization to form the homo-diploid nucleus of the central cell. A characteristic of many karyogamic mutants is a gametophytic maternal-effect followed by seed abortion. In the present study we report two gametophytic mutants, amon (amn) and apis (aps), which fall into this category.
The mutant amon was named after the Egyptian god of fertility. Among the progeny of amn/AMN mutants Kan r :Kan s segregates in a ratio of 1.13:1 and transmission efficiency was severely reduced through both the male and female gametophytes (TEF=56%, TEM=24%; Table 1 ). Mature siliques of heterozygous amn/AMN plants contained 59% normal seed, 36% white, unfertilized ovules, and 5% brown, early aborted seeds (Fig. 4D) . The majority of ovules (over 30%) contained abnormally enlarged, unfused polar nuclei (Fig. 4A) or, if the polar nuclei had fused, the central cell nucleus had initiated degeneration (Fig. 4B) . These mutant ovules were found in siliques alongside normal seeds that either contained a mature embryo sac or occasionally an early stage embryo, which had undergone a few divisions together with developing endosperm (Fig. 4E) . In summary, the white, unfertilized ovules of amn (36%) arrested between stages FG5 and FG6 (Fig. 1B) , while the brown, early aborted seed (5%) arrested at the zygotic stage (Fig. 4C) or during embryo development after a few cell divisions (not shown). About 10% of the mature pollen grains displayed a defect: 3% contained only a single nucleus (Fig. 5 B-C) , while the remaining 7% had two nuclei, similar to what was observed in kup and ast (Table 2) .
In amn the Ds element was inserted in the 12-th exon of At4g02700 encoding a sulfate transporter 3;2 (Fig. 3) , which is thought to be responsible for the uptake and translocation of sulphate through the cell membrane (Takahashi et al., 2000) and whose expression is enriched in the embryo sac (Johnston et al., 2007) . The assessment of eight additional T-DNA insertions within the coding region of At4g02700 demonstrated no fertility phenotypes, however, indicating that this gene is not responsible for the amn phenotype.
Apis (aps) was named after an Egyptian bull deity representing fertility. The Kan r :Kan s segregation ratio among the progeny of aps/APS mutants was 0.32:1 ( Table 1 ), indicating that the mutation affects both female and male gametophytes and may cause embryo lethality. Indeed, reciprocal crosses showed that transmission through both sexes was strongly reduced (TEF=5%, TEM=8%). Phenotypic assays of seeds in mature siliques of aps/ APS heterozygotes showed that 61% of seeds appeared normal, while 31% of the ovules were unfertilized and 8% of the seeds aborted at early developmental stages (Fig. 4I) . Cytological analyses revealed that 31% of the arrested embryo sacs had unfused polar nuclei at stage FG5 (Fig. 4F) , or defects soon after central cell formation at stage FG6 (Fig. 4G) . 8% of the ovules were arrested and aborted soon after the initiation of seed development (Fig. 4 H 
PHENOTYPES IN MATURE POLLEN GRAINS OF GAMETOPYTIC MUTANTS
wt -wild type; n -scored pollen grains. For examples of DAPI fluorescence patterns see Fig. 5 . gametophytic maternal effect leading to embryo lethality when mutant female gametophytes get occasionally fertilized. Alternatively, aborted seeds could correspond to homozygous mutants showing zygotic embryo lethality. The latter explanation is unlikely, however, as less than 0.5% homozygous embryos are expected based on the experimentally determined transmission efficiencies. Therefore, we conclude that the vast majority of aborted seeds are caused by a gametophytic maternal effect of the aps mutation. Of the mature pollen grains, 9% percent were abnormal with the majority showing only one large, weakly stained and one small, strongly stained nucleus (Table 2 ; Fig. 5D ).
In the aps mutant the Ds element was found in the first exon of At5g44520, encoding a ribulose 5-phosphate isomerase-related protein (Fig. 3) . Scoring five additional T-DNA insertions in At5g44520 (one exonic, one intronic, and three in the promoter region) revealed no obvious phenotypes. Therefore, the aps mutant phenotype is likely not caused by a disruption of this gene.
The yarilo mutant causes the degeneration of central cell, egg cell and synergids
The degenerative class of mutants show spontaneous abnormal nuclear degeneration during embryo sac development that has dramatic effects on nuclear stability. The yarilo (yar) mutant was named after the handsome, youthful Slavic god of passion, sex, and lust. The yar mutant causes degeneration of embryo sac components. The Kan r :Kan s segregation ratio of 0.3:1 in this mutant indicates an involvement of both gametophytes in the phenotype, as was seen with aps (Table 1) . Indeed, the transmission efficiency was very low through both sexes (TEF=15%, TEM=9%) (Table 1) . Mature yar siliques contained 29% unfertilized, arrested ovules and 3% brownish, aborted seeds. Microscopic investigations of the yar mutant showed deformation of the polar nuclei especially in the nucleolus, the most visible component of the nucleus in cleared preparations (Fig. 6B) . Cytological observations of yar demonstrated that 13% of the ovules had large degenerating nuclei, which arrested just prior to the fusion of the polar nuclei at stage FG4-FG5 (Fig. 6A) , or soon after fusion at stages FG5-FG6 in 16% of cases (Fig. 6B, Fig. 1B) . Often, we also observed degeneration of the egg cell, synergid, and central cell nuclei. A small proportion of the seeds (3%) aborted at the two-cell embryo stage (Fig. 6C ). This aspect is characteristic of seed abortion effected by the maternal gametophyte but may also be due to zygotic embryo lethality, which is expected to arise at a frequency of about 1.3%. Gametophytic maternal effects were previously observed as late phenotypes of the karyogamy and degenerative class mutants and they may also be features of the mitotic mutant class. Investigations of pollen behaviour in planta revealed that a large number of yar pollen grains failed to stick to the mature stigma (not shown). An observation of pollen grains stained with DAPI demonstrated that almost 33% of the pollen grains were defective (Table 2) , with only one strongly stained nucleus in nearly 5% and two weakly stained, elongated (possibly degrading) nuclei in 24% of the pollen grains (Fig. 5E ), respectively.
In yar, the 5'-end of the Ds element was found in the eighth exon of the AIR9 (AUXIN-INDUCED IN ROOT CULTURES9 ) gene (At2g34680), which was previously identified in a differential cDNA library screen comparing auxin-treated and non-treated root cultures (Neuteboom et al., 1999) . The AIR9 protein associates with microtubules in land plants, where it recognizes the cortical division site during pre-prophase and, later on, the site of cell plate formation during cytokinesis (Buschmann et al., 2006) . A Meta-Profile analysis of gene expression using Genevestigator tools (Hruz et al., 2008) indicates that At2g34680 is highly expressed in inflorescence meristems, flowers, stamens, carpels, roots of the mature plant, and at the young rosette, bolting and flowering stages of developing plants. The -glucuronidase (GUS) reporter present on the Ds transposon in yar shows strong expression in the roots of young seedlings about two weeks after germination (Fig. 6I) , while other vegetative or generative parts of mutant plants showed no GUS activity.
Assessment of additional insertion lines revealed a complex situation, with 3 lines (two exonic, and one in the promoter region) having no obvious phenotype, but one line showing reduced fertility similar to yar: A T-DNA insertion (SALK_113675) in the intron of At2g34680 showed siliques with 22.7% unfertilized ovules and 1.3% aborted seeds in heterozygous plants (Table  1S ). In a screen for mutants affecting male progamic development the same gene was disrupted in the ungud9 (ung9) mutant, causing reduced male and female transmission efficiencies of 4.2% and 55.3%, respectively (Lalanne et al., 2004) . Given that gametophytic mutant phenotypes often show variable expression and that both yar and ung9 produce aborted seeds, yar may well be allelic to ung9. However, the 3'-end of Ds in yar could not be isolated by either TAIL-PCR or iPCR, possibly because it was deleted during the transposition process. We do currently not know whether this insertion only disrupts one gene or is also flanked by an adjacent deletion. Given that AIR9 is in the vicinity of the Ds launch site (DsG1; Sundaresan et al., 1995) , and that several deletions were created by intrachromosomal excision of a hybrid Ds element from this site (Page et al., 2004) , it is possible The didilia mutant has a gametophytic maternal post-fertilization defect In the gametophytic maternal effect class of mutants the phenotype is apparent only at the post-fertilization stage , Brukhin et al., 2005a . Seed abortion depends on the genotype of female gametophyte only and leads to maternally derived seed abortion irrespective of the paternal contribution. The mutant didilia (did) was named after the Slavic goddess of female fertility, childbearing, growth and vegetation. The Kan r :Kan s segregation ratio of 1.05:1 was typical for a gametophytic mutation, but transmission of did was reduced through both the female (TEF=34%) and male gametophyte (TEM=59%) ( Table 1) . Mature did siliques contained 25% aborted seeds, which were either white in immature green siliques (Fig.  6D ) or brown and shrivelled in mature siliques. 5% of the ovules remained unfertilized in the mature fruit (Fig. 6D, arrows) . This seed abortion phenotype may reflect incomplete penetrance of the gametophytic mutation. Cytological observations revealed that 5% of the unfertilized ovules were arrested at the mature embryo sac stage (FG7) (not shown), while 25% of seeds arrested much later, mainly at the late heart to early torpedo stage of embryo development (Fig. 6F) . The remaining 70% of seeds were normal (Fig. 6E, Fig. 1B) . In arrested seeds the endosperm was also blocked at the early alveolar stage (Fig. 6F) . DID/did mutant plants produced around 8% abnormal pollen grains (Table  2) , with only two nuclei, either with one sperm-like and one vegetative nucleus or with two weakly staining, elongated nuclei. Rarely, two sperm-like, strongly stained nuclei were present (Fig.  5F ).
In did, the first intron of At2g01110 was disrupted by the Ds element (Fig. 3) . This gene encodes a Twin-Arginine Translocation C (TATC) protein responsible for thylakoid membrane organization and biogenesis (Motohashi et al., 2001; Allen et al., 2002) . TATC is a major component of pH-dependent protein transporter activity (Yen et al., 2002) . The GUS reporter on the Ds element showed strong expression in both seedlings (Fig. 6H ) and mature plants, including all parts of the flower (not shown). The ovules also expressed GUS (Fig. 6G ) and after fertilization, we observed GUS activity in the endosperm but not the embryo (not shown). Assessment of the available expression arrays using Genevestigator tools (Hruz et al., 2008) showed that At2g01110 is expressed in many vegetative and generative organs with a particularly high activity in seeds, embryos, flowers, pedicels, and leaf primordia. During plant development gene expression peaks at the flowering stage. Mutants affecting At2g01110 were also isolated in a screen for seedling lethality (Budziszewski et al., 2001 ) and the protein has been detected in the proteomes of mitochondria (van der Merwe and Dubery, 2007) and chloroplasts (Zybailov et al., 2008) . Other mutants disrupting At2g01110 were previously identified as albino and pale green2 (apg2) (Motohashi et al., 2001) and unfertilized embryo sac3 (une3) (Pagnussat et al., 2005) . The latter shows that the gene plays an important role in zygote and endosperm formation after double fertilization (Pagnussat et al., 2005) . Analysis of two additional insertion lines, (GT_5_74422 and GT_5_105311) carrying an exonic Ds element in At2g01110, as well as the analysis of the une3 mutant, revealed fertility phenotypes similar to that of did (Table 1S) . Thus, did is likely allelic to apg2 and une3, and the maternal did phenotype can be assigned to a disruption of At2g01110, which is expected to lead to defective plastids and/or mitochondria, which are maternally inherited. 
Mutations reveal pleiotropic effects in gametophyte arrest
Despite of the small size and limited number of cells constituting the female gametophyte, many cellular processes are involved in its development and function (Grossniklaus and Schneitz, 1998; Yadegari and Drews, 2004; Dresselhaus, 2006) . From the six classes of female gametophytic defects recognized in Arabidopsis (Brukhin et al., 2005a) , the mutants described in this paper have been assigned to four: the mitotic, karyogamic, degenerative, and maternal effect class. However, despite a prevalent stage of arrest, the phenotype was expressed at variable levels in all mutants (Fig. 1B) . It is well documented in previous studies of female gametophytic mutants that developmental progression is rarely arrested at one particular stage in development (Bonhomme et al. 1998; Howden et al., 1998; Grini et al., 1999; Moore et al., 1997; Pagnussat et al., 2005) , and that a large number of genes are expressed in the embryo sac Johnston et al., 2007; Jones-Rhoades et al., 2007; Steffen et al., 2007; Wuest et al., 2010) . Phenotypic variability may be caused by varying degrees of carry-over of mRNA derived from earlier gene expression in the megaspore mother cell and/ or by genetic redundancy in the Arabidopsis genome.
In addition to these difficulties, many gametophytic mutants cause maternal effects that lead to seed abortion. Pagnussat et al. (2005) reported that from 130 female gametophytic mutants examined, about half were found to be defective in post-fertilization processes due to the mutant maternal allele. A similar frequency was found by Moore (2002) in whose study 7 out of 14 female gametophytic mutants showed clear maternal effects. In our study, three mutants revealed a low level of seed abortion (yar: 3%; amn: 5%; aps: 8%) whereas did, which was identified as a maternal effect mutant, showed a high level of seed abortion (did: 25%). Late maternal effects that affect the mature seed may explain the discrepancy between the low transmission efficiency and the mild semi-sterile phenotype observed in yar and aps. In these mutants, seeds of normal appearance did not germinate or died immediately after germination (not shown).
An assessment of the defects in mature pollen grains showed that only kup and yar had a significant proportion of defective pollen (kup: 12%, yar: 23%) while the rest of the mutants produced only few abnormal pollen grains (10%). Except for ast, which has wild-type transmission through the male gametophyte, the rare phenotypes in mature pollen grains do not correlate with the strong reduction in male transmission efficiency. Therefore, there have to be defects not only during pollen development but also in the progamic phase (Lalanne et al., 2004) , i.e. during pollen tube growth, guidance, or reception.
Gametophytic mutants are often associated with chromosomal rearrangements
To our surprise many insertion sites turned out to be complex involving rearrangements, a feature that has often been observed for T-DNA insertions but was so far only rarely associated with Ds transposition. The general occurrence of Ds-associated deletions was estimated to be around 1% (Page et al., 2004) , but the current study on female gametophytic mutants, as well as a recently published study on male gametophytic mutants, in which at least 16 out of 39 Ds insertions were associated with rearrangements (Boavida et al., 2009 ), show a much higher incidence of chromosomal aberrations resulting from Ds transposition. Because large deletions and translocations usually result in reduced gametophytic transmission, screens for gametophytic mutants may strongly enrich for chromosomal rearrangements (Oh et al., 2004; Page et al., 2004; Boavida et al., 2009) . Moreover, two of the mutants analyzed with clean Ds insertions (amn and aps, see Fig.  3 ) turned out not to be tagged by an analysis of several additional alleles. While it is known that Ds elements can transpose again after insertion, leaving a footprint that could cause the mutant phenotype, only few such cases have been reported for this system Escobar-Restrepo et al., 2007) . Consequently, gametophytic mutants that were isolated using Ds or T-DNA insertional mutagenesis have to be assessed carefully and caution has to be taken when interpreting gametophytic functions based on sequences flanking the insertion sites (Pagnussat et al., 2005; Boavida et al., 2009) .
As a result of the aforementioned issues with Ds-induced mutations, only one of the six mutants described here could unambiguously be assigned to a gene: the maternal effect mutant did, which turned out to be allelic to apg2 and une3, encoding a TACT-like protein (Motohashi et al., 2001; Pagnussat et al., 2005) . For two other mutants, ast and yar, genes affected by the Ds insertions and the associated rearrangements are likely involved in gametophyte development, since some of the additional insertion alleles analyzed show aspects of the phenotype, but further investigations are required to unambiguously identify the gene(s) responsible for these phenotypes. Finally, amn and aps are clearly not tagged by the Ds despite the tight co-segregation. For kup, the identity of the causal gene is completely open because the two alleles available provided divergent results. Further characterization of the genes identified, the isolation of additional alleles, and the production of plants containing multiple mutations, will shed more light on the cellular functions of the biochemical pathways disrupted in the mutants presented here.
Materials and Methods
Generation of Ds insertion lines and plant growth conditions
We used the insertional mutagenesis system described by Sundaresan and colleagues (1995) in the wild-type strain of Arabidopsis thaliana (L.) Heynh. var. Landsberg (erecta mutant: Ler). Mutagenesis was initiated by crossing plants homozygous for one Ds element to plants homozygous for an immobilized Ac element. Transposants were identified among the F2 seedlings on 0.7% agar medium (Difco) containing 4.4 g/L Murashige-Skoog salts (Carolina Biological) and 10 g/L sucrose (GibcoBRL) pH 5.7, 50 g/L kanamycin A (Sigma) and 650 g/L alpha-napthaleneacetamide (NAM) (Sigma). The T-DNAs carrying both the Ds element and the Ac element also contain the indole acetamide hydrolase (IAAH) gene. This allows selection against plants containing the IAAH gene using NAM, consequently selecting against plants containing the T-DNAs. The Ds element contains a kanamycin resistance (nptII) gene allowing plants to be recovered with a Ds transposon reinserted some distance from the donor locus. Insertion on a different chromosome or recombination allows the Ds to segregate away from the donor locus, thereby enriching for unlinked transposition events. Since this procedure also selects against the Ac element, the insertion is immediately stabilized. The Ds elements carry the -glucuronidase (GUS) reporter gene, preceded by multiple splice acceptor sites that allow the Ds element to behave as a gene trap (GT) Springer et al., 1995) . The reporter gene (GUS) has no promoter, so that GUS gene expression can occur under the promoter of the gene disrupted by Ds only when GUS inserts within a transcribed chromosomal region, creating a transcriptional fusion.
This feature permits the expression pattern of a tagged gene to be detected when the Ds element is inserted into a gene in the correct orientation. In practice, however, only 17% of the gene trap lines generated showed GUS-positive staining in our screen. Plants were grown on soil ED73 (Universal Erde) in a growth room with 70% relative humidity and a day-night cycle of 16 h light at 21C and 8 h darkness at 18C. For crosses with dehiscent anthers, closed flower buds were emasculated 1 or 2 days before pollination.
Segregation ratio distortion and semi-sterility analyses
Mutations affecting the gametophytic phase of the life cycle were identified in a two-step screen for (i) reduced fertility (seed abortion or undeveloped ovules), and (ii) segregation ratio distortion as described (Moore et al., 1997; Page and Grossniklaus, 2002; Brukhin et al., 2005a) . Non-functional megagametophytes failed to initiate seed development resulting in semi-sterility. These mutations are marked by the Ds element containing a gene conferring kanamycin resistance (Kan r ) such that Kan r is transmitted at reduced frequency to the progeny (non-Mendelian segregation). Gametophytic lethals were identified by the presence of greater than 30% undeveloped ovules in green siliques. The viable progeny was tested for segregation ratio distortion on kanamycin-containing plates. Lethality in the gametophyte or in the embryo should result in reduced transmission of Kan r ranging from 1:1 to 2:1 kanamycin resistant to sensitive seedlings.
Genetic transmission analyses
Transmission efficiencies through male (TEM) and female (TEF) gametophytes were determined by reciprocal crosses to the wild type (Howden et al., 1998; Brukhin et al., 2005b) . Transmission efficiency was calculated as Kan r /Kan s X 100%; where Kan r , are kanamycinresistant and Kan s kanamycin-sensitive seedlings, respectively.
Detection of Ds number per gene trap (GT) transposant
We assessed the number of Ds elements present in each line by the genomic Southern blotting technique prior to any genetic and cytological analyses. This was necessary to ensure that a mutant phenotype was generated by a single Ds insertion. Genomic DNA was extracted from the inflorescence of the candidate GT line. A homogenizer (Silamat S5, Vivadent) was used to grind the frozen tissue in the presence of 4 glass beads of 200-300 micron diameter (Sigma). The resultant powder was processed using the Nucleon Phytopure Kit (Amersham) according to the standard protocol. 5 g of genomic DNA was digested with EcoR1 endonuclease (Boehringer Mannheim) and the resultant fragments resolved on a 0.8% agarose gel. The fractionated fragments were then transferred to a nylon membrane (Boehringer Mannheim) using the capillary blotting method. A Ds-dig probe was produced by PCR amplification to allow the incorporation of digoxygenin-11-dUTP (Boehringer Mannheim) into the DNA probe. To generate the Ds-dig probe, primers FMI32361 (5'-ATCCCGTACCGACCGTTATCG-3') and FMI32360 (5'-CGTGTGAATGTGTGATGC-3') were used for the dig-labelling reaction (Roche Applied Science) amplifying the 5' end of Ds from plasmid pWS31 . Hybridization with the Ds-dig probe was performed overnight at 68C, followed by membrane washes performed at 2x5 min intervals at 68C in W1 buffer (2x SSC, 0.1% SDS); 1x15 min in W2 (0.2x SSC,0.1% SDS), and W3 (0.1x SSC, 0.1% SDS). The probe was detected using the standard protocol for chemi-luminescence with the CPD-star substrate (Boehringer Mannheim). A banding pattern was visualized by exposure of the probed nylon membrane to a standard laboratory X-Ray film (Kodak).
Insertion lines from other collections
SALK lines were ordered from the Salk Institute Genomic Analysis Laboratory La Jolla, California, through the Nottingham Arabidopsis Stock Centre NASC. Lines GT.100129, GT_5_48498, GT_5_74422, GT_5_105311, GT.100129 and SM_3.27652 were kindly obtained from the John Innes Centre, UK. Line une3 was kindly provided by Prof. V. Sundaresan, (University of California, Davis). Most of the insertion SALK and GT lines showing a reduced seed set phenotype related to the corresponding mutant were genotyped in order to confirm the disruption of the gene under study.
Cytological analyses and image processing
Morphological characterization was performed on ovules and seeds cleared with chloral hydrate following the protocol of Yadegari and colleagues (1994) . Specimens were observed using a Leica DMR microscope (Leica Microsystems) under differential interference contrast (DIC) optics. For quantitative phenotypic analyses of embryo sac development under DIC optics, 80 to 140 ovules, two to five days after self-pollination, were scored for each mutant in order to obtain a representative average terminal phenotype. For DAPI staining flowers were kept in 70% ethanol followed by substitution with staining buffer: CyStain UV Precise P (Partec GmbH). DAPI fluorescence in pollen grains were visualized under the microscope Leica DM 6000. All images were processed by Adobe Photoshop 5.5 (Adobe Systems).
